Starting from a discussion of the black hole information loss paradox, we argue that Primordial Black Hole Remnants (PBHRs) of Planck mass, should they exist, are a plausible candidate for dark energy. We call this proposal the PBHR model. We also find an instability of de Sitter space towards a space with power-law accelerating expansion, the time dependence of the cosmological constant and the resulting form of the metric, and propose that this is the dominant instability of de Sitter space.
I. INTRODUCTION
A major recent discovery has been the acceleration of the universe expansion rate [1] , subsequently corroborated by many observations [2] . Many alternative theories have been put forth ever since [3] , attempting to explain this acceleration of the universe expansion rate. Probably, the simplest such explanation is the ΛCDM model, which is also in good agreement with observations with the appropriate choice of the cosmological constant [4, 5] .
However, one would prefer a more "physical" explanation of the expansion acceleration than invoking a cosmological constant.
For the moment, let us move to another front. One of the most important contributions of Stephen Hawking has been his work on Hawking radiation, and the prediction in 1974 * Electronic address: dkallifatides@hotmail.com that black holes evaporate [6] . A lot of work by him and many others since 1974 has been devoted on various aspects of this prediction. Prime examples are the concomitant black hole information loss paradox [7] (or puzzle [8] ), and the question whether black holes leave behind any remnants after everything that can evaporate away has evaporated away.
In this work, we are going to argue that, if black holes leave behind remnants, primordial black hole remnants (PBHRs) of Planck mass are a plausible candidate for dark energy, which we call the PBHR model. Furthermore, using the work of Gibbons and Hawking on de Sitter space thermodynamics, we are going to argue that de Sitter space is unstable towards powerlaw accelerating expansion. In section 2 we are going to give some evidence that Planck mass PBHRs are a plausible candidate for dark energy. In section 3 we are presenting a heuristic derivation of a de Sitter space instability towards power-law accelerating expansion.
In section 4 we are presenting our conjecture that a space sourced by PBHRs does not suffer from a similar instability, and thus is an observationally viable candidate for dark energy.
In section 5 we show that the PBHR model satisfies the upper limits on β, the fraction of the Universe's mass in PBHs at their formation time, for a fair range of initial PBH masses, and give some information on the present day gravitational wave background due to the PBHs in our scenario. In section 6 we discuss our results. We are using units for which = c = G = k = 1, with the exception of section 5, in which we use SI units.
II. THE PBHR MODEL
The black hole information loss paradox is the following, limiting the discussion to 4D
Schwarzschild black holes to keep it simple [7] : As Hawking discovered, black holes emit radiation that is approximately black body radiation at a temperature
The main physical dependence of the black hole temperature is that it is inversely proportional to black hole mass. However, black body radiation is featureless. The only characteristic that can be discerned is the black body temperature, thus, in the case of a Schwarzschild black hole, the black hole mass. Even though there can be improvements to the black body approximation, for instance, a grey body behavior of the black hole, depending on the energy and angular momentum of the particles emitted, or, taking into account the fact that the black hole temperature increases as the black hole evaporates, both effects introduce corrections that only depend on the black hole mass at the time of emission, as far as the black hole is involved. On the other hand, the first law of thermodynamics, as applied to a Schwarzschild black hole,
leads to the famous Bekenstein-Hawking area formula for the black hole entropy
where M is the black hole mass, and A h is the black hole horizon area. Thus, astrophysical black holes, like the ones discovered in 2016 [9] , have a huge entropy. One can then imagine the following thought experiment. One starts with a pure quantum state in the far past, that we know is going to evolve to a black hole. Since one started with a pure quantum state, the initial entropy is zero. When the black hole forms, it has a large Bekenstein-Hawking entropy.
As the black hole evaporates, its Hawking radiation contains essentially no information about what formed the black hole, since it only depends on the black hole mass at the emission time, as described above. When the black hole has evaporated away, which takes a time proportional to the cube of the initial mass of the black hole, one is left with Hawking radiation from the various stages of the evaporation. This Hawking radiation has at least as much entropy as the Bekenstein-Hawking entropy of the black hole at its formation, thus the total physical system is in a mixed state, which constitutes a violation of one of the fundamental quantum mechanical laws, namely unitarity. Furthermore, since virtual black holes contribute to every quantum mechanical process, every quantum mechanical process is contaminated with unitarity violation. On the other hand, many high energy experiments have been performed over the years, for which the assumption of unitary evolution led to excellent agreement between theoretical predictions and experimental results. The fact, then, that the scientific community has been able to correctly predict experimental results of high energy experiments assuming unitarity, combined with the prediction of unitarity violation by the thought experiment above, is the essence of the black hole information loss paradox. We should add that the black hole information loss paradox generalizes to all black hole solutions.
A lot of work has gone into attempts of resolving or ameliorating this paradox over the years. Examples are the "black hole correspondence principle" [8] , with the ramifications analyzed by AMPS [10] , the "final state" proposal [11, 12] , and the recent work on "soft hair" [13] . The issue has not been resolved yet [14] .
We will pick on a part of the discussion on the possible resolutions of the black hole information loss paradox, namely the suggestion that a black hole leaves behind a remnant which carries the sought information, so there is no unitarity violation. The standard response to this, is that, since black holes can have arbitrarily large mass and thus arbitrarily large entropy, there should be an infinite number of species of black hole remnants. Then, in any high energy experiment, the amplitude for remnant production would be infinite.
Clearly, there has never been a report of remnant production in any high energy experiment that has already been performed, thus we are led to another paradox. In other words, if
we accept that a black hole leaves behind a remnant carrying the missing information, we trade the black hole information loss paradox for the paradox involving remnant production in high energy experiments.
We understand that the argument above is usually considered to imply that the remnant hypothesis cannot be the correct answer to the black hole information loss paradox, even though there have been attempts to save the remnant hypothesis (for instance [15] ).
We will attempt here to capitalize on the remnant hypothesis, by turning the argument on the remnant production paradox on its head. Namely, we will focus on the fact that the only real lesson from this argument is that, barring caveats [15] , the assumption that a black hole leaves behind a remnant cannot be used to resolve the black hole information loss paradox. We cannot really claim that there is also the implication that a black hole does not leave behind a remnant.
Instead, what we will keep from the discussion above is that the assumption of black hole remnants most probably implies that they have zero or little entropy. In particular, let us assume, for the moment, that black hole remnants carry zero entropy. This would imply that the "final state" proposal is correct, and, actually, this final state is a unique species unique state remnant. We will also assume that the remnant mass is m = κM P l , where
kg is the Planck mass, and κ an order one numerical constant that will be left undetermined here. The assumption that the black hole remnant mass is of the order of M P l , is the conservative assumption.
Clearly, we assume the theoretical, at least, existence of a new kind of particle, the zero entropy black hole remnant. An obvious question: What is this new particle good for?
As a motivation for the rest of our discussion, let us assume that we have a collection of our remnants in a cosmological setting, namely that we have a spatially uniform density of such remnants. For any particle species, a well-known equation relates its entropy density s, energy density ρ, pressure p, chemical potential µ, number density n, and temperature T :
Since the spatial distribution of our remnants has been approximated as uniform, the collection of remnants has zero entropy, and thus zero entropy density. Applying equation (4) to the remnants, implies that the numerator of the right-hand-side is zero. We will make the additional assumption that the chemical potential for our remnant species vanishes, which
Then, black hole remnants have the same equation of state as the cosmological constant. Of course, this is far from a proof that the existence of black hole remnants implies that they have the same equation of state as the cosmological constant. What we have actually shown is that there is a distinct possibility that they do. In particular, it is conceptually pleasing that zero entropy implies a constant energy density for the black hole remnants.
So far, we have adopted (5) as the equation of state for the black hole remnants. However, we would expect corrections to (5) depending on the UV completion of general relativity, so, instead, we will assume the equation of state
where ǫ is a numerical constant with an absolute value much less than unity. The value and sign of ǫ will be left undetermined in this work. In particular, we cannot determine whether black hole remnants will have a quintessence-like behavior or a phantom-like behavior. In section 4 we are going to argue that ǫ is nonzero.
On the other hand, much work has been done on primordial black holes (PBHs) [16] . If they had formed in the very early universe (post-inflationary/early-radiation era), and had small enough mass, they would have evaporated by now.
These remarks suggest the exciting, even if far-fetched, possibility that the dark energy, invoked to explain the accelerating expansion of the universe, consists of primordial black hole remnants (PBHRs) of Planck mass, obeying the equation of state (6) , and this is what we actually propose. We will call it, in short, the PBHR model. If it is true, it implies that 7/10 of the universe density consists of the stuff of quantum gravity itself, Planck mass black hole remnants. If true, it is an unexpected window into quantum gravity. It is also an extreme example of UV/IR mixing, in the sense that, if Planck mass PBHRs exist, they certainly belong to the UV regime, while the dark energy has far infrared atributes, due to the extreme smallness of the dark energy density compared to the natural (Planck) value of the vacuum energy density.
A possible objection to our proposal is that one would expect PBHRs to behave as dark matter [46] , instead of dark energy. The answer is that it is natural that Planck mass PBHRs have large quantum gravitational corrections to the classical behavior, and this may justify a dark energy behavior, instead of a dark matter behavior.
Before working out some of the consequences of our proposal, we will interject in the next section a discussion of de Sitter space, with some novel aspects, that we are going to need.
III. AN INSTABILITY OF DE SITTER SPACE
One of the proposals for the nature of dark energy is the cosmological constant Λ, and the concomitant ΛCDM model, in good agreement with observations [4, 5] . According to this model, the universe consists in matter and dark energy at a ratio of 3:7. For the purposes of the present note we will lump together ordinary matter and dark matter as matter or dust, since they both have vanishing pressure. We will also assume a flat (k = 0) 4D FLRW expanding universe, with the main information being the exact time dependence of the scale factor a(τ ):
Then, the Einstein equations, with some algebraic manipulation, give [17] :
The behavior of the three main ingredients of the universe, namely radiation (p = ρ/3), matter (p = 0), and the cosmological constant (ρ + p = 0), is given by the following equations, respectively:
• For radiation:
where C = 8πρa 4 /3.
• For matter:
where
• For the cosmological constant:
where C ′′ = 8πρ/3 and a 0 = a(τ 0 ).
We will focus on the cosmological constant. Clearly, equations (14) and (15) (14) and (15) .
It has been proposed [18] - [25] that the instability of de Sitter space is toward lower values of the cosmological constant Λ. Mottola [23] , in particular, argued that, since the specific dependence of the de Sitter space entropy [43] on the cosmological constant Λ,
showed that the de Sitter space entropy increases when Λ decreases, there is an instability of de Sitter space toward Λ = 0.
Here, we will use a heuristic way to quantify this argument, and suggest that this instability of de Sitter space toward Λ = 0 is the dominant instability of de Sitter space. As a by-product, we will get a new equation of state for the cosmological constant, and equations replacing (14) and (15) .
First, it is common knowledge that Einstein equations with a cosmological constant Λ are equivalent to the "ordinary" Einstein equations with a perfect fluid energy-momentum tensor on the right-hand-side, for which
On the other hand, de Sitter space has entropy, given by equation (16), and temperature [43] , given by
We have already mentioned equation (4), valid for any particle species. We would like to apply equation (4) (16) is proportional to the area of the horizon of the static patch,
with 0 ≤ r < l and Λ = 3/l 2 , the volume related to the entropy density calculation is the volume of a constant time hypersurface of the static patch:
This gives a de Sitter space entropy density
and, using (19) , an equation of state for the "unstable" de Sitter fluid
Feeding then back (23) to equations (8) and (9), we derive the following equations for "unstable" de Sitter space:
with C 3 = 8πρa 4/π /3. These replace (14) and (15), which are valid for stable de Sitter space.
Using (18), (24) implies
Thus the cosmological constant is not a constant, but instead is completely determined as a function of time, which is normal for power-law expansion. Clearly, (26) quantifies an instability of de Sitter space toward Λ = 0, even though the time to reach the value Λ = 0 diverges. Specifically, (25) has a power-law accelerating expansion behavior with the power π/2. We propose that this is really the dominant instability of de Sitter space.
To our knowledge, in this work it is the first time that the work of Gibbons and Hawking on de Sitter space thermodynamics [43] is employed to derive definite results on the de Sitter space instability.
In the process of deriving equations (23-26), we used equation (4), even though the de Sitter space entropy (16) is nonextensive. Indeed, we are going to make the assumption that equation (4) is valid, even if the entropy is nonextensive. This way, for de Sitter space we found a "holographic back reaction of thermodynamics on the metric". We call the back reaction holographic, since the de Sitter space entropy (16) is proportional to the area of the horizon of the causal patch.
Furthermore, we called it a heuristic derivation, since most of the literature on de Sitter space instabilities tackles the issue the "hard way", by discussing the fluctuations of quantum fields and particle production on de Sitter space. What we are doing here instead, is bypass the usual analysis, by using equation (4) and the thermodynamics of de Sitter space.
One aspect of the instability we found, is that for an expanding universe the cosmological constant diminishes with time, as described by (24) . This ameliorates the problem of the smallness of the cosmological constant by several orders of magnitude. In the process of deriving (24), we assumed a vanishing chemical potential for the de Sitter "fluid". If, instead, we assume a positive chemical potential for the de Sitter "fluid", this will lead to a reduction of the cosmological constant at a faster pace than in (24) , and a more decisive amelioration of the problem of the smallness of the cosmological constant.
IV. DARK ENERGY CONSISTS OF PBHRS
In the previous section, we found an instability of de Sitter space, as described by equations (24 -26) , and proposed that this is the dominant instability of de Sitter space. Aspects of this instability is that for the de Sitter "fluid" w is about −0.58, and that for an expanding universe the cosmological constant diminishes with time, as described by (24) . We may attempt to modify the ΛCDM model, adopting the behavior (24) for the cosmological constant, with a present value of 7 × 10 −27 kg/m 3 for the dark energy density, with a universe consisting in matter and dark energy at a ratio of 3:7. Then, using equation (24), one finds that, when the universe temperature was 6 K, the dark energy density was 1.9×10 −26 kg/m 3 , bigger than the present matter density by a factor of about 6, more in line with [44] and [45] .
However, the scenario of the previous paragraph is contrary to observations [5] . According to observations [5] , w = p/ρ is close to -1 for the dark energy, with the dark energy density being, at least approximately, constant. Thus, given the de Sitter space instability we found, this is evidence against the hypothesis that dark energy is the cosmological constant.
A logical alternative is that the PBHR model of section 2 has the same instability. In that case, one might expect the PBHR density in an expanding universe to diminish with time, as described by (24) . However, if additional black holes produce new remnants with the passage of time, it is conceivable that the PBHR density diminishes with time at a slower rate than that given by (24) , or not at all.
This last scenario has at least two drawbacks:
• It takes a considerable degree of fine tuning to have at the same time an unstable PBHR model, and an approximately constant PBHR density, due to the production of new remnants by additional black holes.
• This scenario is not observationally viable, because it leads to an enormous γ radiation background.
What we are going to suggest instead, is that the thermodynamics of a space sourced by Planck mass black hole remnants is sufficiently different from de Sitter space, so that the former has no instability. A necessary condition for this is that the PBHR model satisfies equation (6) with a nonvanishing ǫ. We are also going to assume, like we did in section 2, that the absolute value of ǫ is much smaller than 1, thus w is close to -1 for the PBHR model. Then, the PBHR model is an observationally viable candidate for dark energy. In addition, we assume that the cosmological constant vanishes by some other mechanism (for instance [50] ).
In the following section, we are going to provide some evidence in favor of the PBHR model, finding that it satisfies the upper limits on β, the fraction of the Universe's mass in PBHs at their formation time, for a fair range of initial PBH masses. We are also going to provide some features of the gravitational wave background generated by these PBHs.
V. THE FRACTION OF THE UNIVERSE'S MASS IN PBHS AT THEIR FORMATION TIME
In this section, we are going to sketch a calculation, according to which, the PBHR model satisfies the upper limits on β, the fraction of the Universe's mass in PBHs at their formation time, for a fair range of initial PBH masses. The ΛCDM model is in good agreement with observations [4, 5] , for the value 7 × 10 −27 kg/m 3 of the dark energy density, approximately.
For the proposal that the dark energy consists of primordial black hole remnants (PBHRs), the PBHR model, and assuming a mass m = κM P l for the black hole remnant, where
kg is the Planck mass, and κ an order one numerical constant, then the present number density of PBHRs is parametrized by κ, as
One would like to determine, among other physical quantities, the masses of the primordial black holes (PBHs) when formed, the time at which they formed (formation time), the approximate time at which they had evaporated leaving behind PBHRs, the fraction β of the Universe's mass in PBHs at their formation time, and so on.
For simplicity, we will assume that all PBHs are Schwarzschild black holes of the same mass M at their formation time, and they all form at the same time t f . We will also ignore the possibility of coalescence between the PBHs.
To start with, given that the temperature of a Schwarzschild black hole is given by [7] 
and substituting the values of the physical constants, we parametrize the black hole temperature in terms of its mass M in SI units, as
A reasonable approximation for the temperature of the Universe at time t = 1 s, is T U = 10 10 K. Then, assuming that these processes occur in the early radiation era, the Universe temperature T U at time t can be parametrized in terms of t, as
A very probable value t f,p for the PBH formation time t f is when the universe temperature is (in Planck units) equal to the scale of density of the collapsing region:
Given that today 7/10 of the Universe is dark energy, with a density of approximately 7 × 10 −27 kg/m 3 , the 3/10 of matter has an approximate density of 3 × 10 −27 kg/m 3 . We lump ordinary matter and dark matter together, since they have the same equation of state.
For the purposes of our sketchy calculation, we will assume that at Universe temperature 2.7 × 10 4 K, radiation density and matter density are equal. Then, using the present universe temperature of about 2.7K, and equation (12), we find that the radiation and matter density equal each other at a value of about 3 × 10 −15 kg/m 3 . Setting then the Universe temperature at 10 10 K at time 1s, we find that at time 1s the radiation density is about 6 × 10 7 kg/m 3 .
Using (30), we parametrize the radiation density at the time of formation of the PBHs, as
In order to estimate the evaporation time of the PBHs, we will assume that they are mini ones, namely that kT is at least 200GeV at formation time. We will actually find that only for such mini black holes the upper limits on β [46] are satisfied. This implies that, due to Hawking radiation of the PBHs, all known fundamental particles are emitted in the relativistic regime. In [47] a table is given with the grey body factors for all spins. As a result, we get the following equation for the evaporation time of a PBH with kT at least 200GeV at formation:
equation (33), we get an evaporation time t ev 9 × 10 4 s. We will assume a formation time of less than 10 −4 s, and, thus, the evaporation of the PBHs we are considering ends in the early radiation era. Combining equations (30) and (33), we get the Universe temperature at the time of complete evaporation:
Combining (33) with (6), we parametrize the PBHR density at the time of the end of evaporation, in terms of the initial black hole mass and the formation time, as
and, the PBHR number density at the time of the end of evaporation, as
Identifying this with the PBH number density at the end of evaporation, and using n P BH a 3 = const (37) for the PBH number density, we get the PBH number density at formation,
and the PBH density at formation:
Dividing by (32) we get β, the fraction of the Universe in PBHs at their formation time:
The values for β that we get from (40) easily satisfy the upper limits on β [46] for an initial PBH mass of 6 × 10 7 kg or less. For instance, setting κ = 1, ǫ = 0.05, t f given by (31), M = 6 × 10 7 kg, Eq. (40) gives β = 8.6 × 10 −25 , near the limit of the range of allowed values.
We could also determine the main features of the present day gravitational wave background, resulting from the formation of these PBHs. The peak frequency of GWs today is given by [48] f GW = 0.03 Hz M 10 17 kg
where M is the PBH mass at formation, and g ⋆P is the effective number of relativistic degrees of freedom when the comoving scale k −1 p entered the Hubble radius, with k p the wavenumber of the peak scale of fluctuations causing the PBHs. Eq. (41) is valid when the PBH formation time t f has the value given by (31) . Approximating g ⋆P with 106.75, we get:
With an upper value of 6 × 10 7 kg for M, this gives a minimum peak frequency of about 1.2 × 10 3 Hz. [49] gives an alternative relation for the peak frequency of the present day GW spectrum:
Here γ < 1 accounts for the efficiency of the collapse. With an approximate value of 0.2 for γ [49] , this gives:
With an upper value of 6 × 10 7 kg for M, this gives an alternative minimum peak frequency of 6 × 10 2 Hz. Another important relation regarding the GW spectrum is [49] 
where Ψ c is the threshold value of scalar perturbations for PBH formation, and A 2 is the is the closure energy density of the Universe. The value of Ω(f ) at the peak frequency today, f GW , is denoted by A GW , and is called the amplitude of the present day spectrum at the peak frequency [48] . Then:
For β = 8.6 × 10 −25 , as in the M = 6 × 10 7 kg case, and approximating again g ⋆P with 106.75, we get an amplitude of 3 × 10 −9 at the peak frequency. This result is consistent with the experimental limits on the energy-density of the gravitational wave background with tensor polarizations [51] .
So far, we have assumed that a space sourced by PBHRs does not suffer from a similar instability to that of section 3, keeping in line with observations. If, instead, we assume that the PBHRs source a de Sitter space suffering from the same instability we found in section 3, then β is given by:
In order to obtain a value for β in the allowed range [46] , M must be at most 10 7 kg. For 
VI. DISCUSSION
In this work, we argued that Planck mass PBHRs have the equation of state (6), with ǫ a so far undetermined nonzero constant, with an absolute value much smaller than unity. The black hole remnant mass is parametrized as m = κM P l , where M P l is the Planck mass, and κ an order one numerical constant, which is also undetermined for now. We also argued for an instability of de Sitter space towards power-law accelerating expansion, as described by equations (23 -26) . Given that observations favor a w = p/ρ close to -1, and a dark energy density almost or exactly constant, our instability results imply that dark energy cannot be the cosmological constant. Instead, we proposed that dark energy consists of PBHRs satisfying the equation of state (6), as above, which we called the PBHR model. The PBHR model is an extreme case of UV/IR mixing.
We showed that the PBHR model satisfies the upper limits on β, the fraction of the Universe's mass in PBHs at their formation time, for mini PBHs with an upper initial mass of about 6 × 10 7 kg. We also derived some information on the present day gravitational wave background due to the PBHs in this model. We should add that the PBHR model suffers from no coincidence problems. If, for the sake of the argument, we assume that a space sourced by PBHRs has the same de Sitter space instability we found, the upper limits on β are satisfied for mini black holes with an initial mass of at most 10 7 kg, and we gave the corresponding present day gravitational wave background information.
There are many open questions regarding the PBHR model:
• Find the contribution of the gravitational wave background, due to the PBHs in this model, on the B mode of the CMB.
• Constrain the model further by taking into account the various mechanisms of PBH production.
• Explore how the results are affected, if we relax some simplifying assumptions.
• Explore the question whether the de Sitter space instability found here has any bearing on inflation, especially the "graceful exit" problem, and eternal inflation.
• Relate the de Sitter space instability to the literature on the fluctuations of quantum fields and particle production on de Sitter space.
• Generalize the de Sitter space instability to different dimensionalities, and inquire whether a similar "backreaction of thermodynamics on the metric", based on equation (4), happens in other spacetimes.
• Explore what UV completion of general relativity can justify the equation of state (6) for the BHRs, and what information, for instance on the values of ǫ and κ, one can derive that way.
• Investigate whether the de Sitter space instability is related to the difficulty in finding stringy de Sitter vacua (see the discussion in [52] ).
We believe that these issues deserve further investigation.
